Complete solid-solution cermets based on titanium-tantalum carbonitride using a starting nominal composition with 80 wt.% of (Ti 0.8 Ta 0.2 )(C 0.5 N 0.5 ) and 20 wt.% of Co were performed by pressure-less sintering at 1550 ºC for different times (from 0 to 180 min) in an inert atmosphere. Chemical and phase analyses were conducted using X-ray diffraction (XRD), elemental analysis and energy dispersive X-ray spectrometry (EDX).
INTRODUCTION.
Cermets based on titanium carbonitride (TiCN) attract the attention of researchers due to their high hardness at high temperature, thermal conductivity, chemical, thermal and wear resistances and low friction coefficient to metals [1] [2] [3] [4] [5] .
They have been successfully applied to new developments in the field of cutting tools and improve the surface finishing compared to WC-Co hard metals, ensuring excellent chip and tolerance control and the dimensional accuracy of the work pieces [1-3, 5, 6 ].
Many studies have been reported on phase composition modifications by the use of cermet additives, such as binary carbides and transition metals in the binder alloy, to modulate the microstructure and, consequently, the mechanical properties [7] [8] [9] [10] .
Particularly, TaC and NbC are added to enhance high-temperature hardness and thermal shock resistance, and Mo 2 C and WC are added to increase sinterability and fracture strength. The presence of these binary carbides induces a core-rim microstructure in the ceramic grains during liquid phase sintering [11] ; this is the result of the formation of complex carbonitride solid solutions containing Ti and other transition metals, such as Nb, Ta, Mo and/or W, which reprecipitate on the undissolved TiCN particles.
It has been proven that these complex carbonitride solid solutions are responsible for the desirable properties of cermets [12] . For this reason, the use of complete solid-solution cermets (CSCs) [13] , i.e., cermets containing ceramic particles without the core-rim microstructure but with the chemical composition of the rim phase, has been proposed to encourage further improvement of the mechanical properties.
Using CSCs would avoid the presence of the interface between the core and rim that generates residual stresses and crack propagation [14] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 To date, few reports have focused on this issue because the manufacture of CSS cermets requires the use of complex transition metal carbonitrides (not a mixture of binary carbides) as the raw ceramic material, and the synthesis of these solid solutions is a difficult task. However, previous work has shown that a mechanochemical process, mechanically induced self-sustaining reaction (MSR), is a suitable method to obtain these complex carbonitrides with stoichiometric control [15] . Recently, the MSR procedure has been successfully applied in the development of CSS cermets [16] .
The aim of this work was to carry out an exhaustive characterisation of the mechanical properties of CSC cermets with a starting nominal composition of 80 wt.% (Ti 0.8 Ta 0.2 )(C 0.5 N 0.5 ) and 20 wt.% Co. To the best of our knowledge, this is the first time a study was conducted on the influence of the microstructure on the mechanical behaviour of this type of cermet. The microstructure of the CSC cermets was modified by changing the sintering time of the pressure-less procedure used, and a comprehensive microstructural and mechanical characterisation was performed for each cermet. The following mechanical characteristics were measured: Vickers hardness, fracture toughness (conventional indentation microfracture), dynamic Young's modulus (nondestructive ultrasound technique) and biaxial strength (ball on three balls). Furthermore, the experimental findings were combined with a detailed fractographic examination to estimate the nature and size of the critical processing flaws. 
Processing of samples.
Titanium powder (99% in purity, < 325 mesh, Strem Chemicals), tantalum powder (99.6% in purity, < 325 mesh, Alfa-Aesar), graphite powder (< 270 mesh, Fe ≤ 0.4%, Merck), cobalt powder (99.8% in purity, < 100 mesh, Strem Chemicals) and nitrogen (H 2 O and O 2 ≤ 3 ppm, Air Liquide) were used by MSR to synthesise the CSC powdered cermets with a composition of 80 wt.% (Ti 0.8 Ta 0.2 )(C 0.5 N 0.5 ) and 20 wt.% Co.
This method takes advantage of the strong exothermic character of carbonitride formation to promote self-propagating reactions during milling. The details of the powder synthesis can be found in a previous work [16] . 
Chemical, microstructural, and physical characterisation.
Cross sections of the sintered cermets were grounded and polished using diamond as the abrasive during several steps. The polished surfaces underwent X-ray diffraction (XRD), which was obtained with a Panalytical X'Pert Pro instrument equipped with a θ/θ goniometer using Cu Kα radiation (40 kV, 40 mA), a secondary K β Scanning electron microscopy images were obtained on a Hitachi S-4800 SEM-FEG microscope on the polished cermet surfaces. The microstructural parameters were evaluated by image analysis (IA) with the Image-Pro Plus 6.2 software, using 5 pictures of X2k for each polished cermet. The main parameters estimated by this method were the following: i) the particle size distribution of the carbonitride phase, L; ii) the fraction of the binder phase, F B ; iii) the contiguity of the carbonitride particles, C; iv) the binder mean free path, λ; and iv) the porosity content [17] [18] [19] .
The transition metal content in the ceramic and binder phases was measured by energy dispersive X-ray spectrometry (EDX) with detectors coupled in the Hitachi microscope. The carbon and nitrogen content in the cermets was determined by elemental analysis made by an LECO elemental analyser (mod.CNHS-932).
Bulk density measurements were carried out using Archimedes' method with distilled water impregnation. This method was chosen for its experimental simplicity and reasonable reliability (ASTM C373-88) [20] .
Mechanical testing.
The measurement of the dynamic Young's modulus was performed with a Krautkramer USM 35® flaw detector from the longitudinal and transverse propagation velocities of acoustic waves. To evaluate longitudinal waves, a Panametric S-NDT® 4 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 MHz ultrasonic transducer was used with an ultrasonic couplant (Sonotrace grade 30®).
For transverse waves, a Panametric S-V153® 1.5 MHz shear wave transducer was used with a shear wave couplant (Panametrics-NDT TM ) [21] . The wave velocities through samples were measured by minimising the delay times of the transducers by following an iterative measurement protocol. The dynamic Young's modulus was calculated from
where U is the density (g/cm 3 ), and V L and V T are the longitudinal and transverse velocities, respectively.
Hardness was measured at three different loads (1 kgf, 3 kgf and 5 kgf) using a Vickers diamond pyramidal micro indenter (Zwick 3212) on the polished cermet surfaces. Ten indentations were made for each load. The fracture toughness was evaluated by the indentation microfracture (IM) method using the equations from Shetty et al. [22, 23] .
The flexural strength was measured under uniaxial stress using the ball on three balls test (B3B-test) [24] [25] [26] [27] [28] , where a disc specimen is supported on three balls and loaded symmetrically by a fourth ball. In this loading situation, the three-point support guarantees three well-defined point contacts. At the midpoint of the disc surface opposite of the loading ball, a biaxial tensile stress state exists, which is used for the biaxial strength testing. This test has been recognised to be tolerant for imperfect disc flatness, an imperfection in other small geometries or some misalignment [24, 25] .
Furthermore, the friction is significantly smaller than in the commonly used bending tests. For these reasons, the B3B-test can also be used for the as-sintered and small 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 specimens. The biaxial flexural test was carried out at room temperature using an electromechanical universal testing machine. The load application rate was 100 N/s.
The tensile loaded surfaces of the B3B specimens (disks of 1 mm in thickness and 12 mm in diameter) were carefully machined, grounded and polished to avoid surface damage. At least three samples were evaluated for each sintering time.
After mechanical testing, selected specimens were taken and subjected to a detailed fractographic examination by scanning electron microscopy, paying special attention to discern the origin, nature, geometry, and size of the strength-limiting flaws, as well as the fracture micromechanisms associated with the different sintering times.
Finally, a comparison of the estimated and experimentally determined critical flaw sizes using the IM method and measurements of the defects by fractography was made within the framework of the Linear Elastic Fracture Mechanics (LEFM).
RESULTS AND DISCUSSIONS.

Chemical and microstructural characterisation.
The XRD diagrams corresponding to the cermets sintered at 1550 ºC for increasing times are shown in figure 1 . For all samples, the ceramic phase is ascribed to a titanium-tantalum carbonitride of the general formula Ta intermetallic phases, which were formed during the sintering process, has been previously reported [16, 29] . In cermets sintered for 0, 30 and 60 min, the presence of two different binder phases was observed: a major phase with a hexagonal structure (P6 3 /mmc) and a 1:2 (Ti x Ta 1-x Co 2 ) stoichiometry and a minor phase with a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 rhombohedral structure (R-3m) and a 1:1 (Ti x Ta 1-x Co) stoichiometry. However, only the hexagonal structure phase was present in the cermet sintered for 180 min.
SEM images were used to characterise the microstructure and evaluate some microstructural parameters in the sintered cermets. The representative micrographs shown in figure 2 confirm that the cermets did not have the characteristic core-rim microstructure. The particle size distribution of the ceramic phase was determined by the image processing software using the linear intercept method [30] . The growth of the ceramic particles was controlled primarily by coalescence phenomena, thus producing larger particles with a wider size distribution with increasing sintering time. Moreover, cermets sintered for 180 min showed a bimodal size distribution as a result of the coalescence and agglomeration of the largest ceramic particles.
C and λ were calculated and are shown in table 1. While C decreased with increasing sintering time, O increased; in both cases, this was due to the growth of ceramic particles, which gave rise to larger particles as the sintering time was prolonged.
To assess the quality of the sintering process, the porosity of the cermets was also determined by image processing and is shown in the tables in figure 2 . The expected decrease of porosity with sintering time was observed up to a 60 min sintering time due to increasing densification. However, after 180 min of sintering, the porosity was significantly larger. The microstructure of this cermet, shown in figure 2d, is characterised by large ceramic agglomerates with trapped pores, which was the consequence of an enhanced ceramic coalescence accompanied by a slight loss of molten binder through gravity that was observed during the long sintering process. The determination of the volume fraction of the binder phase by image processing confirmed a slightly lower binder content in this cermet (see attached tables in figure 2 ). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10 
Mechanical characterisation.
The dynamic Young's modulus, measured by a non-destructive ultrasound technique ( figure 3a) , showed an increase of stiffness with sintering times up to 60 min, in accordance with the decreasing porosity trend with sintering time [31] . The significantly low value of the Young's modulus observed in the cermet sintered for 180 min was due to the increase of porosity previously mentioned. Furthermore, the slight variation in the binder composition observed for this cermet can also affect the value of the Young's modulus. Additionally, the logarithm of the Young´s modulus was plotted against the porosity (figure 3b), according to Ryshkevitch equation [32] , to obtain a Young's modulus for a fully dense material. This value was approximately 682 GPa, which is a higher value than those reported in the literature for cermets [5, 33] and hard metals with similar binder contents [34] .
The Vickers hardness of cermets measured at 1, 3 and 5 kgf is shown in figure   3c . The effect of the indentation load on the hardness was significant. A general trend of an increasing hardness with a decreasing load, especially at 1 kgf, was observed. The assumption that the hardness is independent of the load is only valid in homogeneous and continuous media. Hardening due to the strain gradient plasticity in two-phase materials with a different hardness (the binder and the ceramic are not polished with same velocity) is observed when the length scales of the imposed deformation gradients are comparable to the microstructure length scale of the material [35] [36] [37] . On the microscale, the microstructure of the material can be considered an inhomogeneity, and only when the volume affected by the indentation is large enough can the material behave homogeneously. Moreover, the elastic recovery of the indentation after 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 unloading, which is independent of the magnitude of the indentation, has a larger influence at lower loads.
The low hardness value found at 3 and 5 kgf for the cermet sintered for 0 min was due to the high porosity and the poor neck quality between the binder and ceramic phases as a result of a deficient densification. The high hardness value at 1 kg was not representative; the detrimental effect of porosity was not observed due to the small size of the indentation mark. The low-porosity cermets sintered for 30 min and 60 min showed higher and similar hardness at 3 and 5 kgf. Finally, the high hardness value observed at 3 kgf for the cermet sintered for 180 min was attributed to the presence of the large ceramic agglomerates mentioned above (see figure 2d ) that contributed significantly to the hardness. However, the cermet sintered for 180 min had a lower mechanical strength, despite the role played by the toughening mechanisms (higher O). This is associated with the increased porosity located within the large ceramic agglomerates and is in agreement with the larger flaw size observed in this case. Figure 4 shows examples of the defects that caused the fractures; the defects were related to the typical heterogeneities inherent to the pressure-less processing used:
binder-less carbonitride clusters in figure 4a, pores in figures 4b and 4d, and coarse carbonitrides in figure 4c . A detailed analysis using a larger magnification of the fracture surface was carried out to discern the associated micromechanisms. Dimple ductile rupture in the interdispersed metallic binder and transgranular cleavage in the carbonitride particles were the most relevant fractographic features (highlighted with circles or arrows in figure 5, respectively). As the binder mean free path increased with the sintering time, the microstructure interactions involving large carbonitrides 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 exhibited a transgranular character, as observed from the river pattern features. The results showed an acceptable agreement between the estimated and experimentally measured critical flaw sizes. This assertion is sustained through a fracture mechanics analysis combining a fracture toughness evaluation, a biaxial strength measurement and a fractographic examination.
CONCLUSIONS.
CSC cermets based on titanium-tantalum carbonitride as the hard phase and intermetallic Ta-Ti-Co as the binder phase were fabricated via pressure-less sintering from powders obtained through a mechanochemical process. The microstructure of these cermets was varied by modifying the soaking time from 0 to 180 min at the sintering temperature (1500 ºC), and a complete mechanical characterisation was carried out. The following conclusions were drawn from this work:
x CSC cermets have a granular microstructure similar to that of conventional WCCo and their mechanical behaviour can be explained as a function of the key two-phase microstructural parameters, O and C.
x The mechanical characterisation showed that the hardness tended to decrease with O, whereas the indentation toughness and the flexural strength tended to increase.
x The best combination of mechanical properties was found in the cermet sintered for 60 min because an adequate densification and microstructure were reached.
Reducing the sintering time resulted in cermets with higher porosity and deficient cohesion between ceramic and binder phases. Extending the sintering time induced the formation of large ceramic agglomerates, which deteriorate the mechanical properties.
x The low indentation toughness observed for all cermets was due to the presence of a brittle intermetallic phase acting as binder.
x The fractographic examination showed that the presence of binder-less carbonitride clusters, pores and coarse carbonitride grains were the main defects 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 that induced fractures and the low flexural strength. A good agreement between the estimated and experimentally measured critical flaw sizes was found.
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